Background. Chronic kidney disease (CKD) results in hypertriglyceridemia which is largely due to impaired clearance of triglyceride-rich lipoproteins occasioned by downregulation of lipoprotein lipase and very low-density lipoprotein (LDL) receptor in the skeletal muscle and adipose tissue and of hepatic lipase and LDL receptorrelated protein in the liver. However, data on the effect of CKD on fatty acid metabolism in the liver is limited and was investigated here. Methods. Male Sprague-Dawley rats were randomized to undergo 5/6 nephrectomy (CRF) or sham operation (control) and observed for 12 weeks. The animals were then euthanized and their liver tissue tested for nuclear translocation (activation) of carbohydrate-responsive element binding protein (ChREBP) and sterol-responsive element binding protein-1 (SREBP-1) which independently regulate the expression of key enzyme in fatty acid synthesis, i.e. fatty acid synthase (FAS) and acyl-CoA carboxylase (ACC) as well as nuclear Peroxisome proliferator-activated receptor alpha (PPARα) which regulates the expression of enzymes involved in fatty acid oxidation and transport, i.e. L-FABP and CPT1A. In addition, the expression of ATP synthase α, ATP synthase β, glycogen synthase and diglyceride acyltransferase 1 (DGAT1) and DGAT2 were determined. Results. Compared with controls, the CKD rats exhibited hypertriglyceridemia, elevated plasma and liver tissue free fatty acids, increased nuclear ChREBP and reduced nuclear SREBP-1 and PPARα, upregulation of ACC and FAS and downregulation of L-FABP, CPT1A, ATP synthase α, glycogen synthase and DGAT in the liver tissue. Conclusion. Liver in animals with advanced CKD exhibits ChREBP-mediated upregulation of enzymes involved in fatty acid synthesis, downregulation of PPARα-regulated fatty acid oxidation system and reduction of DGAT resulting in reduced fatty acid incorporation in triglyceride.
Introduction
Chronic kidney disease (CKD) results in significant alteration of the plasma lipid profile and profound dysregulation of lipid and lipoprotein metabolism [1, 2] . The CKD-induced dyslipidemia is marked by hypertriglyceridemia, elevation of plasma very low-density lipoprotein (VLDL), accumulation of atherogenic VLDL and chylomicron remnants, reduced high-density lipoprotein (HDL) cholesterol concentration, impaired HDL maturation and depressed HDL antioxidant, anti-inflammatory and reverse cholesterol transport capacities [3] [4] [5] [6] . The associated hypertriglyceridemia in CKD is largely due to impaired clearance of VLDL and chylomicrons and their remnants occasioned by the downregulation of lipoprotein lipase (LPL) [7, 8] , and VLDL receptor [9] in the skeletal muscle and adipose tissue and of hepatic lipase [10] and low-density lipoprotein (LDL) receptor-related protein (LRP) [11] in the liver. The CKD-induced HDL deficiency and dysfunction are, in part, mediated by the depressed production of apolipoprotein A-1 (ApoA-1) [12] which is the principal apoprotein constituent of HDL, deficiencies of the HDL-associated enzymes including lecithin-cholesterol acyltransferase, glutathione peroxidase and paraoxonase [5] , as well as oxidative modification of HDL that interferes with its binding to the gateways of cellular cholesterol efflux [13] .
The CKD-associated lipid abnormalities work in concert with several other factors including oxidative stress, inflammation, hypertension, vascular calcification and electrolyte disorders to promote accelerated atherosclerosis and premature death from cardiovascular disease in this population [14] [15] [16] . In addition to contributing to cardiovascular disease, the CKD-associated dysregulation of lipid and lipoprotein metabolism plays an important part in dissemination of oxidative stress and inflammation, progression of CKD and impairment of energy metabolism [17] .
While much is known about the mechanisms by which CKD impairs clearance of the triglyceride-rich lipoproteins, and alters HDL metabolism, little is known about the effect of CKD on fatty acid production and catabolism in the liver. The main factors influencing fatty acid metabolism include (i) carbohydrate-responsive element binding protein (ChREBP) and sterol-responsive element binding protein-1 (SREBP-1) which independently regulate the expression of the key enzymes in fatty acid biosynthesis, i.e. fatty acid synthase (FAS) and acylCoA carboxylase (ACC); (ii) Peroxisome proliferator-activated receptor alpha (PPARα) that regulates the expression of enzymes involved in intracellular transport and oxidation of fatty acid, i.e. liver-type fatty acid binding protein (L-FABP) and carnitine palmitoyltransferase 1A (CPT1A); (iii) diglyceride acyltransferase 1 (DGAT1) and DGAT2, the key enzymes for incorporation of fatty acids into triglycerides; (iv) glycogen synthase, the essential enzyme for the storage of glucose as glycogen; and (v) adenosine triphosphate (ATP) synthase α, ATP synthase β, the key mitochondrial enzyme in energy production. The present study was designed to investigate the effect of CKD on hepatic fatty acid metabolism by examining the key steps outlined above.
Materials and methods

Study groups
Male Sprague-Dawley rats with an average body weight of 225-250 g (Harlan Sprague-Dawley Inc., Indianapolis, IL) were used in this study. Animals were housed in a climate-controlled vivarium with 12-h day and night cycles and were fed a standard laboratory diet (Purina Mills, Brentwood, MO) and water ad libitum. The animals were randomly assigned to the CRF and sham-operated control groups. The CRF group underwent 5/6 nephrectomy (5/6 Nx) by surgical resection of the upper and lower thirds of left kidney, followed by right nephrectomy 7 days later. The control group underwent sham operation. The procedures were carried out under general anesthesia (sodium pentobarbital, 50 mg/kg i.p.) by using strict hemostasis and aseptic techniques. Six animals were included in each group.
Timed urine collections were carried out at baseline and Week 12, using metabolic cages. Urine protein concentration (Chondrex Inc., Redmond, WA) was determined in the 24-h urine samples. Blood pressure was determined by tail cuff plethysmography (CODA2, Kent Scientific Corporation, Torrington, CT). Briefly, conscious rats were placed in a restrainer on a warming pad and allowed to rest inside the cage for 15 min before the measurements of blood pressure. Rat tails were placed inside a tail cuff, and the cuff was inflated and released several times to allow the animal to be conditioned to the procedure. At the end of the experiment, the animals were anesthetized (sodium pentobarbital, 50 mg/kg i.p.) and euthanized by exsanguinations using cardiac puncture. Liver and blood were immediately removed. Liver tissue was snap-frozen in liquid nitrogen, and stored at −70°C until processed. Plasma was separated from whole blood by centrifugation and processed for relevant assays. Plasma total cholesterol, triglyceride (Stanbio Laboratory, Boerne, Texas), HDL-cholesterol, free fatty acid (Wako Chemicals, Richmond, VA), urea and creatinine (Bioassay Systems, Hayward, CA) were analyzed using the specified products. Creatinine clearance was calculated using standard equation. The experimental protocol was approved by the Institutional Animal Care and Use Committee of the University of California (Irvine, CA).
Measurements of tissue lipid contents
Total lipids were extracted from 100 mg tissue by the method of Folch et al. [18] . Briefly, samples were homogenized in 6 mL chloroformmethanol (2:1). The mixture stood for 1 h, after which, 1.5 mL water was added, and the mixture was centrifuged for 10 min at 2000 × g. The organic phase was evaporated to dryness under N 2 stream and taken up in chloroform. Fifty microliter aliquots of this organic phase were solubilized by adding a drop of Triton X-100, and the total cholesterol and triglyceride contents were determined using the enzymatic kits purchased from Stanbio Laboratory (Boerne, TX) [18] . Liver tissue free fatty acid concentration was measured using the Enzychrom Free Fatty Acid Assay kit purchased from BioAssay Systems Inc. (Haywood, CA). Data were expressed as the amount of the given lipids per gram of original liver tissue.
Preparation of liver homogenates and nuclear extracts
All solutions, tubes and centrifuges were maintained at 0-4°C. The nuclear extract was prepared as described previously [19] . Briefly, 100 mg of liver tissue were homogenized in 0.5-mL buffer A containing 10 mM HEPES, pH 7.8, 10 mM KCl, 2 mM MgCl 2 , 1 mM dithiothreitol (DTT), 0.1 mM EDTA, 0.1 mM PMSF, 1 µM pepstatin and 1 mM p-aminobenzamidine using a tissue homogenizer for 20 s. Homogenates were kept on ice for 15 min, 125 µL of a 10% Nonidet p40 (NP 40) solution was added and mixed for 15 s and the mixture was centrifuged for 2 min at 12 000 rpm. The supernatant containing cytosolic proteins was collected. The pelleted nuclei were washed once with 200 µL of buffer A plus 25 µL of 10% NP 40, centrifuged, then suspended in 50 µL of buffer B [50 mM HEPES, pH 7.8, 50 mM KCl, 300 mM NaCl, 0.1 mM EDTA, 1 mM DTT, 0.1 mM PMSF, 10% (v/v) glycerol], mixed for 20 min and centrifuged for 5 min at 12000 rpm. The supernatant containing nuclear proteins was stored at -80°C. The protein concentration in tissue homogenates and nuclear extracts was determined by the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA).
Western blot analyses
Target proteins in the cytoplasmic and/or nuclear fractions of the liver tissue were measured by western blot analysis as previously described [20, 21] Briefly, aliquots containing 50 µg proteins were fractionated on 8% and 4-20% Tris-glycine gel (Novex Inc., San Diego, CA) at 120 V for 2 h, and transferred to Hybond-ECL membrane (Amersham Life Science Inc., Arlington Heights, IL). The membrane was incubated for 1 h in blocking buffer (1 × TBS, 0.05% Tween-20 and 5% nonfat milk) and then overnight in the same buffer containing the given antibodies. The membrane was washed three times for 5 min in 1 × TBS, 0.05% Tween-20 prior to 2-h incubation in a buffer (1 × TBS, 0.05% Tween-20 and 3% nonfat milk) containing horseradish peroxidase-linked anti-rabbit IgG and anti-mouse IgG (Amersham Life Science Inc.) at 1:1000 dilution. The membrane was washed four times and developed by autoluminography using the ECL chemiluminescent agents (Amersham Life Science Inc.).
Statistical analysis
ANOVA and post hoc Tukey tests (SPSS 14.0, Chicago, IL) were used in statistical evaluation of the data which are presented as mean ± standard deviation. P-values ≤0.05 were considered significant.
Results
General data
Data are summarized in Table 1 . The CRF group showed a significant rise in systolic and diastolic arterial pressure, a significant elevation of plasma creatinine and urea nitrogen concentrations and urinary protein excretion.
Plasma and liver tissue lipid data
Data are shown in Table 2 . The CRF group exhibited a significant increase in plasma triglyceride, free fatty acid and total cholesterol concentrations and a significant decrease in plasma HDL-cholesterol-to-total cholesterol ratio. This was associated with a significant elevation of free fatty acid, cholesterol and triglyceride levels in the liver tissue.
SREBP-2, HMG-CoA reductase, ACAT1 and ACAT2 data Data are illustrated in Figure 1 . HMG-CoA reductase abundance was significantly lower in the liver tissue of the CRF group than those found in the control animals. This was associated with a significant reduction of nuclear SREBP-2 abundance which accounts for downregulation of its target gene product, HMG-CoA reductase. There was no difference in ACAT1 abundance in the hepatic tissues between the CRF and the control groups. However, ACAT2 that is the dominant isoform in the liver tissue was markedly increased in CRF group. These findings point to reduced cholesterol production capacity and enhanced cholesterol esterification capacity in the liver in CRF rats.
ChREBP, SREBP-1, fatty acid synthase and acyl-CoA carboxylase data Data are shown in Figure 2 . The FAS and ACC protein abundance were significantly higher in the liver of the CRF group when compared with those found in the control rats. This was accompanied by marked reduction of nuclear SREBP-1 and significant elevation of nuclear ChREBP. Upregulation of FAS and ACC and activation of ChREBP which is known to stimulate fatty acid production [22] point to increased lipogenic capacity of the liver.
PPAR-α, L-FABP, carnitine palmitoyltransferase 1A and LXR α/β data Data are illustrated in Figure 3 . L-FABP and CPT1A protein expression were significantly lower in the liver of the CRF group when compared with those found in the control group. Although the difference in the mean values of the nuclear abundance of PPAR-α (the key regulator of fatty acid oxidation) and LXR αat (the cellular cholesterol sensor and regulator of receptors involved in cholesterol and phospholipid efflux) in liver of the CRF and control animals did not reach statistical significance, these findings point to the potential role of depressed lipid catabolism as a cause of lipid accumulation in the liver in the CRF animals.
ATP synthase α, ATP synthase β and glycogen synthase data Data are illustrated in Figure 4 . ATP synthase α and ATP synthase β abundance were significantly lower in the liver of the CRF group when compared with the corresponding values in the control group. These observations point to diminished energy production capacity in the CRF animals and can partly contribute to increased lipid content of the liver tissue. Likewise, hepatic tissue abundance of glycogen synthase was significantly reduced pointing to presence of insulin resistance in the CRF animals.
Diacylglycerol acyltransferase-1 (DGAT1) and DGAT2 data
Data are illustrated in Figure 5 .
The CRF group showed a significant reduction in liver tissue DGAT1 (key enzyme in triglyceride synthesis) protein abundance compared with that found in the control group confirming our earlier findings [23] . However, DGAT2 protein abundance was unchanged in the liver of CRF animals. These findings point to significant reduction of fatty acid incorporation into triglycerides and as such can contribute to the observed elevation of liver tissue fatty acid contents in CRF liver. 0.83 ± 0. 4 1.20 ± 0.05** N = 6 in each group. Data are means ± SD. *P < 0.05 versus control group. **P < 0.02 versus control group. ***P < 0.001 versus control group. 0.50 ± 0.14 2.22 ± 1.51* Creatinine clearance (mL/min/m 2 ) 5.62 ± 1.18 1.45 ± 0.72*** N = 6 in each group. Data are means ± SD. *P < 0.05 versus control group. **P < 0.01 versus control group. ***P < 0.001 versus control group.
Fig. 1.
Representative Western blots and group data depicting protein abundance of SREBP-2 (nuclear), HMG-CoA reductase, ACAT1 and ACAT2 in the liver tissues of the 5/6 nephrectomized (CRF) and control (CTL) rats. n = 6 in each group. Data are means ± SD. *P < 0.05 versus control group.
Fig. 2.
Representative Western blots and group data depicting protein abundance of ChREBP, SREBP-1(nuclear), FAS and ACC in the liver tissues of the 5/6 nephrectomized (CRF) and control (CTL) rats. n = 6 in each group. Data are means ± SD. *P < 0.05; **P < 0.01 versus control group. Representative Western blots and group data depicting protein abundance of ATP synthase α, ATP synthase β and glycogen synthase in the liver tissues of the 5/6 nephrectomized (CRF) and control (CTL) rats. n = 6 in each group. Data are means ± SD. *P < 0.05; **P < 0.01 versus control group.
Discussion
CKD is associated with impaired clearance of VLDL and chylomicrons and accumulation of their atherogenic remnants as well as HDL deficiency and dysfunction [3, 6, 24] . These alterations are due to downregulation of LPL [7, 25] and VLDL receptor [9, 26] in skeletal muscle and adipose tissue, reduced GPIHBP1 expression in endothelial cells [7] , downregulation of hepatic triglyceride lipase [10] and LRP [11] in the liver and diminished ratio of plasma ApoC-II, which is the activator of LPL, to ApoC-III, which is a potent inhibitor of LPL [27, 28] . In addition, upregulation of hepatic acyl-CoA cholesterol acyltransferase-2 (ACAT-2) in the liver and of ACAT-1 in the kidney and arterial tissue contributes to the pathogenesis of these abnormalities [29, 30] . CKD-induced dyslipidemia is characterized by hypertriglyceridemia, elevation of plasma VLDL, lipoprotein remnants and oxidized lipids and lipoproteins and reduced HDL-cholesterol concentration [31] . While much is known about the mechanisms by which CKD impairs clearance of the triglyceride-rich lipoproteins, little is known about the effect of CKD on fatty acid production and catabolism in the liver. As expected our CKD animals exhibited marked elevation of plasma triglyceride and free fatty acid concentrations. Several mechanisms can contribute to elevation of fatty acid concentration in the liver. These include (i) increased synthesis, (ii) reduced catabolism or (iii) reduced incorporation of fatty acid in triglycerides. To address these possibilities, we explored the expression of the key pathways in fatty acid biosynthesis, catabolism and incorporation in triglyceride.
SREBP-1 and ChREBP are the transcription factors that independently promote the expression of genes encoding enzymes involved in biosynthesis of fatty acids. SREBP-1 is activated in response to the fall in cytosolic cholesterol, whereas ChREBP is activated in response to the elevation of cellular glucose load. The untreated CKD rats employed in our study exhibited a significant reduction in activation (nuclear translocation) of SREBP-1 and a significant increase in activation of ChREBP representing opposing influences. This was associated with significant increase in the abundance of the ACC and FAS, the key enzymes in fatty acid synthesis whose expression is promoted by either SREBP-1 and/or ChREBP. Upregulation of ACC and FAS in the face of the opposing sterol-and glucose-regulated pathways points to the dominant effect of the latter in the uremic liver. We have observed a similar phenomenon in the remnant kidney in this model [32] . The precise mechanism responsible for this phenomenon is unclear and requires further investigation. However, it may be due to reduced cellular catabolism of glucose as evidenced by downregulation of mitochondrial ATP synthase and diminished incorporation into glycogen as evidenced by the reduction of glycogen synthase seen in the liver of our CRF animals. By raising the cellular glucose level, these events can promote activation of ChREBP and expression of its downstream gene products.
To explore whether elevation of hepatic tissue fatty acids is due to their reduced catabolism, we explored activity of PPARα which is the master regulator of genes encoding enzymes and transporters involved in fatty acid oxidation. PPAR-α is predominantly expressed in tissues with high fatty acid catabolic rates, such as liver, kidney, heart and muscle. PPAR-α enhances fatty acid catabolism by promoting L-FABP and CPT1A expression leading to stimulation of mitochondrial and peroxisomal β-oxidation. L-FABP serves as the vehicle for delivery of fatty acids to intracellular sites of utilization and as such plays an important role in cellular fatty acid metabolism [33] . The study revealed a mild reduction of nuclear PPARα content and a significant downregulation of its target gene products, i.e. L-FABP and CPT1A which are essential for the transport and oxidation of fatty acids. Thus, the observed downregulation of the key proteins involved in fatty acid oxidation contributes to elevation of hepatic tissue fatty acid contents in the CRF animals. This was associated with downregulation of ATP synthase α and β subunits which points to impaired energy production capacity in the liver of CRF animals.
To explore whether reduction in incorporation of fatty acids in triglycerides contributes to their elevated liver tissue contents, we examined the expression of DGAT-1 and DGAT-2 in the liver of the study animals. In Fig. 5 . Representative Western blots and group data depicting protein abundance of DGAT1 and DGAT2 in the liver tissues of the 5/6 nephrectomized (CRF) and control (CTL) rats. n = 6 in each group. Data are means ± SD. *P < 0.05 versus control group. line with our earlier study [23] , we found marked down of DGAT1 in the liver of CRF animals. These observations excluded the possible role of heightened triglyceride production capacity as a cause of hypertriglyceridemia in CKD.
In view of the critical role of PPAR-α in lipid metabolism, its impaired activity in animals and potentially humans with CKD could contribute to the pathogenesis of the associated dyslipidemia, impaired energy metabolism and cardiovascular disease. If true, the PPAR-α agonists may be effective in the management of lipid disorders and related complications in the CKD population. In fact, clinical trial of the PPAR-α agonist, gemfibrozil, showed a significant increase in serum HDL cholesterol, a significant decline in serum triglyceride and a reduction in the incidence of coronary death and nonfatal myocardial infarction in patients with mild to moderate CKD and coronary disease [34] . However, the treatment did not change the rate of decline in kidney function. Instead, gemfibrozil and other currently available fibrates tend to raise serum creatinine in individuals with or without CKD, in part, by inhibiting tubular secretion of creatinine [35] . In addition to chronic renal insufficiency, the CKD animals employed in the present study had moderate proteinuria. Heavy proteinuria in nephrotic syndrome results in severe dyslipidemia and profound alteration of lipid metabolism. The effect of nephrotic syndrome on hepatic fatty acid metabolism has not been fully elucidated. Although proteinuria in our CKD animals was relatively mild it could have, partly, contributed to the observed abnormalities. Further studies are needed to determine the effect of proteinuria on the key pathways of hepatic fatty acid metabolism.
In conclusion, advanced CKD results in the ChREBPdriven upregulation of key enzymes involved in fatty acid synthesis and downregulation of the key enzymes involved in fatty acid catabolism in the liver.
